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Introduction {#s1}
============

Hypoxia-inducible factor 1 (HIF-1) is the key regulator of the hypoxia response. HIF-1 is a heterodimer composed of HIF-1α and HIF-1β [@pone.0112470-ORourke1]. Unlike the constitutively expressed HIF-1β, HIF-1α is induced by hypoxia, and this oxygen-sensitive induction occurs by decreasing protein degradation instead of enhancing mRNA expression. In normoxia, the HIF-1α protein is barely detectable because the Von Hippel Lindau gene (VHL) mediates its ubiquitination and rapid degradation through the proline hydroxylases (PHDs) and the proteasome pathway. The activities of PHDs are dependent on oxygen, and the binding of pVHL to HIF-1α requires the PHD-mediated modification of the oxygen-dependent degradation domain (ODD) of the protein. Therefore, HIF-1α cannot be hydroxylated and degraded during hypoxia [@pone.0112470-DAngelo1]. In hypoxic circumstances, HIF-1α accumulates, translocates to the nucleus and binds to HIF-1β to form the active transcription factor HIF-1. The HIF-1 complex then binds to hypoxia response element (HRE) sequences in the promoters of HIF-1 target genes to initiate gene expression [@pone.0112470-ORourke1]. Many genes regulated by HIF-1α are involved in glycolysis, glucose metabolism, mitochondrial function, angiogenesis, cell survival, apoptosis and resistance to oxidative stress. In this regard, HIF-1 activation may play different roles in triggering cellular protection and metabolic alterations because of the consequences of oxygen deprivation or apoptosis in the presence of different environmental factors.

Celastrol, a triterpenoid from the Celastracae family that is extracted from the plant *Tripterygium Wilfordii* [@pone.0112470-Calixto1], has been reported to have multiple biological functions. In addition to treating autoimmune and neurodegenerative diseases by its anti-oxidative and anti-inflammatory effects [@pone.0112470-Venkatesha1], [@pone.0112470-Faust1], Celastrol is frequently investigated for its potential anti-cancer activities *in vitro* and *in vivo*, including inhibiting tumor cell proliferation, inducing apoptosis in different types of cancer cells [@pone.0112470-Ge1]--[@pone.0112470-Sha1] and synergistically enhancing the cytotoxicity of radiotherapy and some chemotherapeutic agents [@pone.0112470-Sethi1]--[@pone.0112470-Zhu1]. Although previous studies have reported that Celastrol has the potential to inhibit HIF-1α mRNA transcription and suppress hypoxia-induced angiogenesis and tumor metastasis [@pone.0112470-Pang1], [@pone.0112470-Huang1], in this study, we found that a short amount of time exposure of Celastrol did not affect the HIF-1α mRNA levels. Instead, we found that Celastrol could induce HIF-1α protein accumulation in multiple cancer cell lines in an oxygen-independent manner and that the enhanced HIF-1α protein entered the nucleus and promoted the transcription of the HIF-1 target genes VEGF and Glut-1. Celastrol induced the accumulation of the HIF-1α protein by inducing ROS, which initiates the activation of Akt/p70S6K signaling to promote HIF-1α translation. These new data indicate that the full effect and function of Celastrol in regulating HIF-1 signaling may require further evaluation.

Materials and Methods {#s2}
=====================

Cell culture {#s2a}
------------

The human hepatocarcinoma cell line HepG2, the cervical carcinoma cell line HeLa, the breast cancer cell line MCF-7, the prostate cancer cell line PC-3 and the non-small cell lung cancer cell line H1299 were obtained from the American Tissue Culture Collection (Manassas, VA, USA). The normal liver LO2 cell line was kindly offered by Dr. Yan Wang (Beijing Institute of Basic Medical Sciences ). The cells were cultured with Dulbecco's modified Eagle medium (Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum (FBS, HyClone, Logan, UT, USA). For the hypoxia experiments, the cells were cultured in a hypoxia chamber with 3% O~2~ and 5% CO~2~ (with the balance being N~2~). Alternatively, to mimic hypoxia, 100 µM Cobalt chloride (CoCl~2~) was added to the culture medium [@pone.0112470-Liu1], and the cells were cultured for the indicated hours.

Reagents and antibodies {#s2b}
-----------------------

Celastrol was purchased from Calbiochem (San Diego, CA, USA) and dissolved in DMSO. Cobalt chloride, N-acetylcysteine (NAC) and cycloheximide (CHX) were purchased from Sigma (St Louis, MO, USA). LY294002 was purchased from Alexis (San Diego, CA, USA). The antibodies used were as follows: anti-HIF-1α and anti-HIF-1β (BD Transduction Laboratories, San Jose, CA, USA); anti-Raf, anti-Akt, anti-p-Akt (S473), anti-p-p70S6K (T389) and anti-PARP (Cell Signaling, Beverly, MA, USA); anti-BNIP3, anti-p53 and anti-p21 (Santa Cruz, Dallas, TX, USA); and anti-Bcl2, anti Bcl-xL and anti-β-actin (Calbiochem, San Diego, CA, USA). The dual-Luciferase reporter assay system was purchased from Promega (Madison, WI, USA).

Cell viability assay {#s2c}
--------------------

Cell viability was analyzed using the MTT assay. The cells were seeded in a 96-well plate at a density of 1×10^4^ and were treated with the indicated concentrations of Celastrol for 6 or 24 h. After each time point, 20 µl MTT (0.5 mg/ml) was added to each well, and the cells were cultured for another 4 h. Then, the medium was removed and 100 µl DMSO was added. The absorbance was read using a microplate reader (Tecan Infinite F50).

Cell cycle assay {#s2d}
----------------

HepG2 cells were collected after treatment with Celastrol for 24 h and then washed with PBS twice. The cells were fixed with 70% ethanol/PBS at −20°C overnight. After washing with PBS, the cells were treated with RNase for 30 min at 37°C, and the cell cycle distribution was analyzed by fluorescence-activated cell sorting (FACS) of propidium iodide-stained cells.

Isolation of nuclei {#s2e}
-------------------

Nuclei were isolated using a Nuclei Isolation Kit (Applygen Technologies Beijing, China) according to the manufacturer's suggestions. Briefly, cells were collected by trypsinization and resuspended with the cytosol extraction reagent provided in the kit. The cells were homogenized using a grinder until less than 5% of the cells were intact, and the homogenate was centrifuged at 1000×g for 10 min at 4°C. The supernatant and pellet were retained as the cytosolic fraction and nuclear fraction, respectively. The nuclei were washed twice with the nuclear extraction reagent provided in the kit, centrifuged at 4,000×g for 5 min and then lysed with Laemmli buffer.

Western blotting {#s2f}
----------------

For western blotting, the cells were washed with PBS and suspended in Laemmli Buffer (Bio-Rad Laboratories, Hercules, CA, USA). The protein concentration was quantified using a BCA Protein Assay Kit (Pierce, Rockford, IL, USA), and the proteins were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), with 50--100 µg of protein loaded into each lane, and then transferred to a polyvinylidene difluoride membrane (Bio-Rad). The membrane was blocked in 5% skim milk, blotted with primary antibodies for 12--15 h at 4°C and then incubated with a horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. The proteins were detected using a Super Enhanced Chemiluminescence Detection Kit (Applygen Technologies, Beijing, China).

Transfection and luciferase assays {#s2g}
----------------------------------

HepG2 cells were co-transfected with pGL3-HRE-Luc and pRL-CMV plasmids using Mega Tran 1.0 (OriGene, MD, USA) according to the suggested protocol. Twenty-four hours after transfection, the cells were treated with Celastrol for 6 h, and the luciferase activity was then measured using the Dual-Luciferase Reporter Assay System according to the manufacturer's instructions.

Real-time PCR {#s2h}
-------------

Total RNA was isolated from HepG2 cells using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) following a standard protocol. RNA was reverse transcribed into cDNA using the RevertAid First Strand cDNA Synthesis Kit (Fermentas, Glen Burnie, MD, USA) according to the manufacturer's instructions, and the resulting cDNA was used for qRT-PCR reactions with SYBR Green PCR Master Mix (Fermentas) and the Stratagene Mx3000P QPCR System. The primers used for amplification were as follows:

VEGF sense primer, 5′-ATGAACTTTCTGCTGTCTTG-3′; VEGF antisense primer 5′- TGAACTTCACCACTTCGT −3′;

Glut-1 sense primer, 5′- GCTGTCTGGCATCAACGCTGTCTT −3′; Glut-1 antisense primer, 5′- GCCTGCTCGCTCCACCACAA −3′;

RPL13A sense primer 5′- CGCTCTGGACCGTCTCAA −3′; RPL13A antisense primer 5′- AGATAGGCAAACTTTCTTGTAGGC −3′.

Standard curve reactions and melt curves were routinely run to validate the primer pairs and PCR reactions. The expression of the genes of interest was normalized and analyzed using RPL13A as an internal reference according to the Pfaffl method [@pone.0112470-Pfaffl1].

Measurement of intracellular ROS generation {#s2i}
-------------------------------------------

Intracellular ROS generation was measured by flow cytometry with a 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) probe (Applygen Technologies, Beijing, China). Untreated or treated cells were stained with 20 µM DCFH-DA for 30 min in the dark and subsequently assayed by flow cytometry.

Immunofluorescence microscopy {#s2j}
-----------------------------

Cells cultured on glass coverslips were treated with Celastrol for the indicated time, fixed with 4% paraformaldehyde in PBS for 10 min at room temperature and permeabilized with PBS plus 0.5% Triton X-100 for 10 min. The cells were incubated with PBS containing 1% bovine serum albumin for 30 min at room temperature and then washed three times with PBS. The cells were labeled with different primary antibodies for 1 h at room temperature or overnight at 4°C, followed by a 1-h incubation with FITC-conjugated secondary antibodies. DNA was counterstained with DAPI or Hoechst 33258, and the coverslips were examined by fluorescence microscopy at 1000×magnification under an immersion oil lens with a Zeiss 510 META microscope.

Small interfering RNA {#s2k}
---------------------

The siRNAs for HIF1α (target sequence of 5′-AGTTATGATTGTGAAGTTA-3′) and BNIP3 (target sequence of 5′-TTCATGACGCTCGTGTTCCT-3′) and a control siRNA (target sequence of 5′-UUCUCCGAACGUGUCACGU-3′) were synthesized by Shanghai GeneChem (Shanghai, China), and siRNA knockdown was performed according to the manufacturer's protocol. Aliquots of 2×10^5^ cells were plated in 6-well plates, incubated for 24 h and transfected with 100 nM target siRNA or control siRNA using Entranster-R (Engreen Biosystem, Beijing, China). After 24 h, the cells were treated with Celastrol for another 24 h, and the cells were collected and analyzed by western blotting.

Statistical analysis {#s2l}
--------------------

The results are presented as the means ± SD of at least three separate experiments. The differences between groups were evaluated by Student's t-test or one-way analysis of variance (ANOVA) followed by Dunnett's test for multiple comparisons. Analyses were done with GraphPad Prism software (Graphpad; La Jolla, CA, USA). The significance level was defined as \* P\<0.05, \*\* P\<0.01, and \*\*\* P\<0.001.

Results {#s3}
=======

Celastrol increases the protein level of HIF-1α in an oxygen-independent manner {#s3a}
-------------------------------------------------------------------------------

Unexpectedly, when we used Celastrol to treat HepG2 cells under 3% hypoxia for 6 h, we noticed that the protein level of HIF-1α increased in a time- and dose-dependent manner, but Celastrol did not affect the protein level of HIF-1β ([Figs. 1a, 1b](#pone-0112470-g001){ref-type="fig"}). Additionally, when using cobalt chloride (CoCl~2~) to mimic hypoxia, Celastrol also enhanced HIF-1α accumulation ([Fig. 1c](#pone-0112470-g001){ref-type="fig"}). More importantly, when the cells were treated with 2--6 µM Celastrol under normoxia, enhanced HIF-1α expression still occurred ([Fig. 1d](#pone-0112470-g001){ref-type="fig"}). The effect of Celastrol in enhancing HIF-1α expression was not cell-type specific because we also detected the same changes in human mammary carcinoma MCF-7 cells, cervical cancer HeLa cells, prostate cancer PC-3 cells and non-small cell lung cancer H1299 cells ([Fig. 1e](#pone-0112470-g001){ref-type="fig"}). These results supported the finding that Celastrol increased HIF-1α expression in an oxygen-independent manner. In addition, although the activation of the p53 gene has been reported to promote proteasomal degradation of the HIF-1α protein [@pone.0112470-Kaluzova1], the influence of p53 on this process was excluded because Celastrol could increase HIF-1α protein in MCF-7 cells, which have wild type p53, and in PC-3 and H1299 cells, which are p53 null. Interestingly, as an Hsp90 inhibitor, Celastrol could decrease the levels of Hsp90 client proteins, such as Raf and Akt from HepG2 cells; however, it increased the level of HIF-1α protein, though HIF-1α is also an Hsp90 client protein ([Fig. 1f](#pone-0112470-g001){ref-type="fig"}).

![Celastrol increases the protein level of HIF-1α.\
1a. Celastrol dose-dependently enhanced HIF-1α expression under hypoxia. HepG2 cells were cultured in either normoxia or 3% hypoxia and treated with the indicated doses of Celastrol for 6 h. Western blotting was used to detect the expression of HIF-1α and HIF-1β, and β-actin was used as a loading control; an arrow shows the position of HIF-1α. The histogram results are representative of the mean ± SD of three independent experiments. 1b. Celastrol time-dependently enhanced HIF-1α expression under hypoxia. HepG2 cells were cultured with 4 µM Celastrol for the indicated time in hypoxia. 1c. Celastrol enhanced HIF-1α expression in HepG2 cells under mimetic hypoxia induced by 100 µM CoCl~2~ and treated for 6 h. 1d. Celastrol dose-dependently enhanced HIF-1α expression under normoxia. HepG2 cells were treated with the indicated doses of Celastrol under normoxia for 6 h, and 100 µg of total protein was used for western blotting to detect HIF-1 proteins with a long exposure. 1e. Celastrol enhanced HIF-1α expression in multiple cell lines. MCF-7, HeLa, PC-3 and H1299 cells were treated with the indicated doses of Celastrol for 12 h under 3% hypoxia, and western blotting was used to detect the HIF-1 proteins. 1f. Celastrol decreased the levels of other Hsp90 client proteins but increased that of HIF-1α. HepG2 cells were treated with normal medium, 4 µM Celastrol for 6 h, 5 µM MG132 for 6 h or pretreated with MG132 for 1 h then treated with Celastrol for 6 h. Protein expression was determined by western blotting with the corresponding antibodies.](pone.0112470.g001){#pone-0112470-g001}

Celastrol increases the HIF-1α protein level by enhancing its translation {#s3b}
-------------------------------------------------------------------------

Because it is known that the enhanced expression of HIF-1α under hypoxia is regulated at the protein level rather than at the mRNA level, we also excluded the possibility that Celastrol increased HIF-1α protein levels by promoting HIF-1α transcription, as Celastrol did not affect the mRNA expression of HIF-1α in HepG2 cells under normoxia or hypoxia ([Fig. 2a](#pone-0112470-g002){ref-type="fig"}). The most common mechanism for hypoxia-induced HIF-1α protein accumulation is mediated by prolyl hydroxylases (PHDs) that control HIF-1α by maintaining it at low levels under normal conditions; under hypoxia, PHDs activity drops and HIF-1α accumulates [@pone.0112470-DAngelo1]. To investigate whether Celastrol increased the HIF-1α protein level by affecting PHDs activity, we transiently transfected the pcDNA3-V5 and pcDNA-P402/564A-HIF-1α-V5 vectors into HeLa cells separately. Because PHDs recognize the P402/564 sites of the HIF-1α protein, those sites were mutated to make the mutant HIF-1α protein resistant to PHD-VHL mediated degradation; therefore, the HIF-1α protein could be easily detected under normoxia. We then treated the cells with Celastrol, and the result showed that Celastrol still induced the accumulation of the mutated HIF-1α protein ([Fig. 2b](#pone-0112470-g002){ref-type="fig"}), which excluded the possibility that Celastrol enhanced HIF-1α expression by inhibiting PHDs. Previously, Celastrol has been identified as a proteasome inhibitor [@pone.0112470-Yang1], [@pone.0112470-Walcott1]; therefore, we wondered whether Celastrol increased HIF-1α protein levels by enhancing its ubiquitination and blocking its degradation. We thus treated HepG2 cells separately with Celastrol, the proteasome inhibitor MG132 or Celastrol plus MG132 and detected the ubiquitination of HIF-1α by western blotting. The result showed that, unlike MG132, Celastrol alone did not increase the ubiquitination of HIF-1α, but Celastrol showed a remarkable, synergistic effect in enhancing MG132-induced ubiquitination of HIF-1α ([Fig. 2c](#pone-0112470-g002){ref-type="fig"}). These results excluded the possibility that Celastrol induced HIF-1α accumulation by promoting HIF-1α mRNA transcription or by inhibiting HIF-1α protein degradation. In addition, HIF-1α can be regulated at the translational level. Previous studies have reported that some types of stimulation, such as cytokines or serum, could upregulate the HIF-1α protein level via the activation of Akt/mTOR and inhibition of GSK3, which led to increased HIF-1α translation [@pone.0112470-Schnitzer1], [@pone.0112470-Harada1]. To evaluate whether Celastrol enhanced HIF-1α protein levels via this mechanism, we first treated cells with or without Celastrol under normoxia and then added the protein synthesis inhibitor cycloheximide (CHX). The results showed that Celastrol-induced HIF-1α accumulation indeed required new protein synthesis because CHX could completely block this effect ([Fig. 2d](#pone-0112470-g002){ref-type="fig"}). Then, HepG2 cells were treated with 100 µM CoCl~2~ with or without 4 µM Celastrol for 4 h, and CHX was added to observe the degradation rate of HIF-1α. The result showed that Celastrol did not affect the degradation rate of the HIF-1α protein ([Fig. 2d](#pone-0112470-g002){ref-type="fig"}). Then, we treated HepG2 cells with Celastrol and confirmed that Celastrol dose-dependently induced the activation of Akt/p70S6K under normoxic and hypoxic conditions ([Fig. 2e](#pone-0112470-g002){ref-type="fig"}). In addition, we observed that Celastrol could induce the activation of Akt/p70S6K under serum starvation, which was also coincident with HIF-1α accumulation ([Fig. 2f](#pone-0112470-g002){ref-type="fig"}). Moreover, Celastrol induced ROS production ([Fig. 2](#pone-0112470-g002){ref-type="fig"} g), which was coincident with the Celastrol-induced activation of Akt/p70S6K, and HIF-1α accumulation could be blocked by the PI3K inhibitor LY294002 and ROS scavenger NAC ([Fig. 2](#pone-0112470-g002){ref-type="fig"} h). These results indicate that Celastrol may indirectly activate Akt by inducing ROS, and the activation of Akt further promotes HIF-1α translation.

![Celastrol increases the HIF-1α protein level by enhancing its translation.\
2a. Celastrol did not affect HIF-1α transcription. After treatment with different concentrations of Celastrol for 6 h, total RNA was extracted, and the mRNA levels of HIF-1α and RPL13A were determined by RT-PCR. The relative expression of HIF-1α was normalized to that of RPL13A. The values are presented as the means ± SD of three independent experiments. 2b. Celastrol enhanced the expression of the HIF-1α P402A/P564A mutant. HeLa cells were seeded in 6-well plates and transiently transfected with either pcDNA-V5 empty vector (ctrl) or pcDNA3-P402A/P564A-HIF-1α-V5 (mtHIF-1). Twenty-four hours later, the cells were treated with 1--2 µM Celastrol for 6 h under normoxia. Mutant HIF-1α expression was analyzed by western blotting with the anti-V5 antibody. 2c. Celastrol did not affect HIF-1α ubiquitination. HepG2 cells were treated separately with 4 µM Celastrol, 10 µM MG132 or Celastrol plus MG132 for 4 h under normoxia, and the ub-HIF-1α protein level was determined by western blotting using the anti-HIF-1α antibody. 2d. The effect of the protein synthesis inhibitor CHX on Celastrol-induced HIF-1α accumulation. HepG2 cells were treated with or without 4 µM Celastrol for 6 h. Then, 10 µM CHX was added to the culture medium, and the cells were collected at the indicated times (left). HepG2 cells were cultured in medium containing 100 µM CoCl~2~ with or without 4 µM Celastrol for 4 h, then 10 µM CHX was added, and the cells were collected at the indicated times (right). The HIF-1α protein level was analyzed by western blot analysis. 2e. Celastrol induced AKT/p70S6K activation under normoxia and hypoxia. HepG2 cells were challenged with the indicated doses of Celastrol for 6 h under normoxia or hypoxia. The protein levels were analyzed by western blotting with the corresponding antibodies. 2f. Celastrol induced AKT/p70S6K activation under serum starvation. HepG2 cells were cultured in serum-free medium for 24 h. Then, 10% FBS, 4 µM Celastrol or both were added, and the cells were cultured for another 6 h. The protein expression was analyzed by western blotting with the corresponding antibodies. 2 g. Celastrol induced the accumulation of ROS. HepG2 cells were treated with 4 µM Celastrol for 12 h under normoxia. The levels of ROS were measured by DCFH-DA staining and subsequently assayed by flow cytometry. 2 h. The effect of Celastrol-induced HIF-1α accumulation depends on ROS-mediated AKT activation. HepG2 cells were pretreated with 5 mM NAC or 10 µM LY294002 for 1 h. Then, 4 µM Celastrol was added to the culture medium, and the cells were cultured for another 6 h. The protein expression was determined by western blotting with the corresponding antibodies.](pone.0112470.g002){#pone-0112470-g002}

Celastrol promotes the hypoxia-induced, nuclear accumulation of the HIF-1α protein and increases the transcriptional activity of HIF-1α-target genes {#s3c}
----------------------------------------------------------------------------------------------------------------------------------------------------

The effect of Celastrol in enhancing HIF-1α expression led us to further determine whether the enhanced expression of HIF-1α represented HIF-1 signal activation. First, we detected the cellular localization of the HIF-1α protein using immunofluorescent staining. As in [Fig. 3a](#pone-0112470-g003){ref-type="fig"}, immunofluorescent staining illustrated that the exposure of HepG2 cells to 3% hypoxia induced the HIF-1α protein to accumulate in the nucleus, and Celastrol-treated cells showed an obvious increase in HIF-1α protein levels in the nucleus. This result was further confirmed by detecting HIF-1α by western blotting in the cytosolic and nuclear fractions. As [Fig. 3b](#pone-0112470-g003){ref-type="fig"} shows, Celastrol-induced the nuclear localization of nearly all of the HIF-1α present in the cell, indicating that Celastrol did induce the activation of HIF-1α. This conclusion was reconfirmed using an HRE-luciferase assay to detect the transcriptional activation activity of HIF-1α and using real-time PCR to evaluate the transcriptional activity of its target genes, such as VEGF and Glut-1. The results showed that Celastrol oxygen-independently but dose-dependently enhanced the transcriptional activation activity of HIF-1α ([Fig. 3c](#pone-0112470-g003){ref-type="fig"}) and promoted the transcription of its target genes ([Fig. 3d](#pone-0112470-g003){ref-type="fig"}).

![Celastrol promotes the hypoxia-induced accumulation of the HIF-1α protein in the nucleus, which increases the transcriptional activity of HIF-1α target genes.\
3a. Celastrol enhances HIF-1α protein expression, which was localized in the nucleus. HepG2 cells were cultured in medium with or without 4 µM Celastrol for 6 h under normoxia or hypoxia. The subcellular localization of HIF-1α was determined by immunofluorescent staining using the anti-HIF-1α antibody,and the nucleus was immunolabeled with Hoechst 33258. 3b. HepG2 cells were treated with the indicated dose of Celastrol for 6 h, protein was extracted from the nucleus and cytosol, and the protein expression levels were revealed by western blot analysis. PARP served as the nuclear protein loading control. 3c. Celastrol promotes HIF-1α transcriptional activation activity. After transient transfection with the HRE-luciferase reporter plasmids for 24 h, HepG2 cells were challenged with the indicated doses of Celastrol in normoxia or hypoxia for another 6 h. Then, the HIF-1α transcriptional activation activity was analyzed by luciferase assay. The values are presented as the means ± SD of three independent experiments. 3d. Celastrol promotes the transcription of the HIF-1α target genes VEGF and Glut-1. The VEGF and Glut-1 mRNA levels were evaluated by real-time PCR. The values are presented as the means±SD of three independent experiments.](pone.0112470.g003){#pone-0112470-g003}

Celastrol-mediated HIF-1α accumulation stimulates BNIP3 expression and induces autophagy {#s3d}
----------------------------------------------------------------------------------------

Previously, many studies have reported that HIF-1α induces the expression of Bcl2/adenovirus E1B 19 kD-interacting protein 3 (BNIP3), which triggers selective mitochondrial autophagy [@pone.0112470-Zhang1], [@pone.0112470-Band1]. Therefore, we analyzed the influence of Celastrol-induced HIF-1α accumulation on BNIP3 expression. Western blotting demonstrated that Celastrol time-dependently enhanced the protein level of BNIP3, which was coincident with enhanced HIF-1α ([Fig. 4a](#pone-0112470-g004){ref-type="fig"}). The microtubule-associated protein 1 light chain 3 (LC3) has been used as a marker for autophagy because, upon induction of autophagy, some LC3-I is converted into LC3-II. We detected the expression of LC3 by indirect immunofluorescence staining and western blotting, and the results showed that Celastrol time-dependently increased LC3-II expression, and followed Celastrol exposure, the formation of LC3 aggregates became significant ([Fig. 4b](#pone-0112470-g004){ref-type="fig"}). To further confirm this change, HepG2 cells were transfected with the GFP-LC3 plasmid, and the cells were treated with or without Celastrol for 24 h and then observed using a confocal microscope. As [Fig. 4c](#pone-0112470-g004){ref-type="fig"} shows, in control cells, GFP-LC3 was evenly distributed throughout the entire cytoplasm; however, following Celastrol treatment, the formation of GFP-LC3 aggregates also became significant, indicating the formation of LC3-II, and more vacuole-like structures appeared, indicating that Celastrol induced autophagy.

![Celastrol-mediated HIF-1α accumulation stimulates BNIP3 expression and induces mitochondrial autophagy.\
4a. Celastrol time-dependently enhanced the expression of HIF-1α and BNIP3. HepG2 cells were treated with 4 µM Celastrol in normoxia or hypoxia for the indicated times. The protein levels were determined by western blot analysis. 4b. Celastrol enhances LC3-II expression and the formation of LC-3 aggregates. HepG2 cells were treated with 4 µM Celastrol under normoxia or hypoxia for the indicated times. The LC3I/II protein levels were determined by western blot analysis (upper), and the LC3 aggregates were stained by indirect immunofluorescence and observed by confocal microscopy. 4c. Celastrol induced autophagy. HepG2 cells were transiently transfected with GFP-LC3, and 24 h later, the cells were treated with 4 µM Celastrol for another 24 h. GFP fluorescence was then observed by confocal microscopy.](pone.0112470.g004){#pone-0112470-g004}

Knockdown of HIF-1α or BNIP3 did not influence Celastrol-induced cell apoptosis under hypoxia {#s3e}
---------------------------------------------------------------------------------------------

Previous studies have reported that hypoxia-mediated expression of BNIP3 has the potential to protect cells [@pone.0112470-Tracy1] [@pone.0112470-HamacherBrady1]; however, we observed that, under hypoxia, although Celastrol significantly increased the expression of HIF-1α and BNIP3, it still enhanced the expression of the cleaved-PARP protein ([Fig. 5a](#pone-0112470-g005){ref-type="fig"}). Annexin V/PI staining and flow cytometry analysis also showed that the cytotoxicity of Celastrol was enhanced under hypoxia ([Fig. 5b](#pone-0112470-g005){ref-type="fig"}). Using the caspase inhibitor Z-VAD to pretreat HepG2 cells completely blocked Celastrol-induced PARP cleavage, but it did not affect HIF-1α accumulation ([Fig. 5c](#pone-0112470-g005){ref-type="fig"}). To confirm whether the Celastrol-induced accumulation of HIF-1α or BNIP3 could affect cell death, we evaluated the effect of knockdown of HIF-1α or BNIP3 on Celastrol-induced cell death using siRNAs. The result showed that knocking down HIF-1α expression completely inhibited BNIP3 expression, but it did not affect PARP cleavage induced by 4 µM Celastrol ([Fig. 5d](#pone-0112470-g005){ref-type="fig"}). Similarly, knockdown of BNIP3 did not affect Celastrol-induced PARP cleavage or cell death ([Figs. 5e, 5f](#pone-0112470-g005){ref-type="fig"}). These data indicated that the accumulation of HIF-1α and HIF-1α-mediated BNIP3 protein did not involve Celastrol-induced cell death.

![Knockdown of HIF-1α or BNIP3 did not influence Celastrol-induced cell apoptosis under hypoxia.\
5a. Celastrol enhanced the HIF-1α and BNIP3 expression that was accompanied by increased PARP cleavage under hypoxia. HepG2 cells were cultured under normoxia or hypoxia with or without 4 µM Celastrol for 24 h. Western blotting was used to detect protein expression. 5b. The cytotoxicity of Celastrol was enhanced under hypoxia. HepG2 cells were cultured under normoxia or hypoxia with or without 2--4 µM Celastrol for 24 h. The cells were then stained with Annexin-V/PI and analyzed by flow cytometry. The data are presented as the mean values obtained from three independent experiments. 5c. Z-VAD blocked Celastrol-induced PARP cleavage but did not affect HIF-1α accumulation. HepG2 cells were pre-treated with 10 µM zVAD for 1 h then exposed to 4 µM Celastrol for another 6 h. The proteins were detected by western blot analysis. 5d. Knockdown of HIF-1α did not affect Celastrol-induced PARP cleavage. HepG2 cells were transfected with a non-silencing siRNA or HIF-1α siRNA for 24 h, and the cells were then treated with 4 µM Celastrol for 24 h. The proteins were detected by western blot analysis. 5e, 5f. Knockdown of BNIP3 did not affect Celastrol-induced cell death. HepG2 cells were transfected with non-silencing siRNA or BNIP3 siRNA for 24 h, and the cells were then treated with 4 µM Celastrol for 24 h. Cell death was measured by Annexin-V/PI staining and flow cytometry, and the proteins were detected by western blotting.](pone.0112470.g005){#pone-0112470-g005}

Celastrol kills cancer cells via ROS-mediated JNK activation {#s3f}
------------------------------------------------------------

To further investigate the possible mechanism by which Celastrol kills cancer cells, we detected the expression of several proteins in HepG2 cells after 4 µM Celastrol exposure for the indicated times. We found that Celastrol induced the activation of p53, but the dynamic changes in p53 expression were different under normoxia and hypoxia. Under normoxia, Celastrol transiently enhanced the expression of the p53 protein at 6 h, but the p53 protein level declined at 24 h ([Fig. 6a](#pone-0112470-g006){ref-type="fig"}). In contrast, under hypoxia, Celastrol persistently enhanced the expression of p53 and its target protein p21 ([Fig. 6a](#pone-0112470-g006){ref-type="fig"}). As a key mediator of cellular stress responses, HIF1α has been reported to either stimulate or suppress p53 depending on the oxygen conditions [@pone.0112470-Obacz1]. Our results showed that siRNA knockdown of HIF1α under hypoxia could enhance p53 expression; however, Celastrol-induced p53 activation was weakened, indicating that Celastrol-induced p53 activation is at least partially dependent on HIF-1([Fig. 6b](#pone-0112470-g006){ref-type="fig"}). In contrast, under normoxia, HIF1α knockdown decreased the intrinsic expression of p53 and p21 ([Fig. 6c](#pone-0112470-g006){ref-type="fig"}), and similar to the results shown in [Fig. 6a](#pone-0112470-g006){ref-type="fig"}, treating HepG2 cells with Celastrol under normoxia for 24 h obviously suppressed p53 activation, reduced p21 expression and, at the same time, induced PARP cleavage ([Fig. 6c](#pone-0112470-g006){ref-type="fig"}). These data do not support that the transient or lasting activation of p53 that is induced by Celastrol in normoxia or hypoxia involves cell killing. In addition to p53, we observed that Celastrol induced remarkable JNK activation, which was not affected by HIF-1α knockdown ([Fig. 6c](#pone-0112470-g006){ref-type="fig"}). More importantly, unlike Celastrol-induced Akt activation at 6 h ([Fig. 2e, 2f, 2](#pone-0112470-g002){ref-type="fig"} h), treating cells with Celastrol for 24 h induced a remarkable depletion of the total Akt protein and reduced phosphor-Akt ([Fig. 6c](#pone-0112470-g006){ref-type="fig"}). HIF-1α knockdown lessened the inhibition of Akt activation, but it did not save the cells from Celastrol-induced apoptosis, as the cells showed the same amount of PARP cleavage as the control ([Fig. 6c](#pone-0112470-g006){ref-type="fig"}). Next, we used the ROS scavenger NAC or the JNK kinase inhibitor SP600125 to treat HepG2 cells incubated with or without 4 µM Celastrol for 24 h and observed their effects on Celastrol-induced cell death. The results showed that NAC could completely block the cytotoxicity of Celastrol, whereas SP600125 inhibited cell proliferation and rescued the cells from cell death ([Fig. 6d](#pone-0112470-g006){ref-type="fig"}). Western blotting also showed that NAC could completely inhibit Celastrol-induced JNK activation and block PARP cleavage ([Fig. 6e](#pone-0112470-g006){ref-type="fig"}), indicating that Celastrol-induced ROS accumulation and JNK activation were the important mechanisms for cell killing. To further support this conclusion, we repeated these experiments in H1299 cells, which are p53-null cells. Like HepG2 cells, H1299 cells treated with 2--6 µM Celastrol for 6 h could activate Akt and induce HIF-1α protein accumulation ([Fig. 7a](#pone-0112470-g007){ref-type="fig"}). Celastrol also time-dependently induced ROS production ([Fig. 7b](#pone-0112470-g007){ref-type="fig"}), and NAC blocked Celastrol-induced JNK activation and rescued cell death ([Fig. 7c](#pone-0112470-g007){ref-type="fig"}).

![Celastrol kills HepG2 cells via ROS-mediated JNK activation.\
6a. Celastrol transiently activates p53 under normoxia but persistently activates p53 under hypoxia. HepG2 cells were cultured in normoxia or hypoxia with or without 4 µM Celastrol for the indicated times. The proteins were detected by western blotting. 6b. The effect of HIF1α knockdown on p53 expression under hypoxia. HepG2 cells were transfected with control or HIF1α siRNA for 24 h and then treated with or without 4 µM Celastrol under hypoxia for 24 h. The proteins were detected by western blotting. 6c. The effect of HIF1α knockdown on Celastrol-induced p53 expression and Akt and JNK activation under normoxia. HepG2 cells were transfected with control or HIF1α siRNA for 24 h and then treated with or without 4 µM Celastrol under normoxia for 24 h. The proteins were detected by western blotting. 6d, 6e. Suppression of ROS-induced JNK activity could prevent Celastrol-mediated cell death. HepG2 cells were pretreated with either the ROS scavenger 5 mM NAC or the JNK kinase inhibitor 40 µM SP600125 for 1 h and then treated with or without 4 µM Celastrol under normoxia for 24 h. Cell death was examined by microscopy (200×), as based on morphological changes, and quantified using the MTT assay. The proteins were detected by western blotting.](pone.0112470.g006){#pone-0112470-g006}

![Celastrol kills p53-null H1299 cells via ROS-mediated JNK activation.\
7a. Celastrol enhances HIF-1α expression and induces Akt activation in H1299 cells. H1299 cells were treated with the indicated doses of Celastrol for 6 h, and the proteins were detected by western blotting. 7b. Celastrol time-dependently induces ROS accumulation in H1299 cells. H1299 cells were treated with 4 µM Celastrol for the indicated times. The levels of ROS were measured by DCFH-DA staining and subsequently assayed by flow cytometry. 7c. Suppression of ROS-induced JNK activity could prevent Celastrol-mediated H1299 cell death. H1299 cells were pretreated with either the ROS scavenger 5 mM NAC or the JNK kinase inhibitor 40 µM SP600125 for 1 h and then treated with or without 4 µM Celastrol under normoxia for 24 h. Cell death was examined by microscopy (200×) and measured by Annexin-V/PI staining and flow cytometry. The proteins were detected by western blotting.](pone.0112470.g007){#pone-0112470-g007}

Celastrol could stimulate HIF-1α accumulation with a dose below its cytotoxic threshold {#s3g}
---------------------------------------------------------------------------------------

To investigate whether HIF-1α signal activation by Celastrol is correlated with cytotoxicity, we treated HepG2 cells with 0.5--1 µM Celastrol for 0--72 h and detected the cell-growth rate using the MTT assay. The result showed that Celastrol did not inhibit cell proliferation with a dose of less than 1 µM ([Fig. 8a](#pone-0112470-g008){ref-type="fig"}), and this conclusion was further confirmed by flow cytometric analysis of the cell cycle ([Fig. 8b](#pone-0112470-g008){ref-type="fig"}). Subsequently, we treated the cells with the indicated low dose of Celastrol and detected the accumulation of the HIF-1α protein and its transcription activity under hypoxia using the methods described above. The results showed that Celastrol could still enhance HIF-1α expression and active HIF-1 signaling at this dose without causing cytotoxicity ([Fig. 8c](#pone-0112470-g008){ref-type="fig"}). In addition, we observed the cytotoxicity of Celastrol in a normal liver cell line, LO2. It is interesting to note that, unlike in cancer cells, treating the cells with 4 µM Celastrol for as long as 48 h did not arrest the cell cycle or induce cell death ([Fig. 8d](#pone-0112470-g008){ref-type="fig"}).

![Celastrol could stimulate HIF-1α accumulation with a dose below its cytotoxic threshold.\
8a. Low dose of Celastrol stimulated HIF-1α accumulation. HepG2 cells were treated with 0.5--1 µM Celastrol for 24 h in normoxia and hypoxia, and the viability of the cells was then detected by the MTT assay. 8b. 0.5--1 µM Celastrol did not arrest the cell cycle. HepG2 cells were treated with 0.5--1 µM Celastrol for 12 h in normoxia, and cell cycle analysis was performed using PI staining and flow cytometry. 8c. The effects of a low dose of Celastrol on HIF-1α protein expression and its transcriptional activation activity. HepG2 cells were treated with 0.5--1 µM Celastrol for 12 h in normoxia, and protein expression was determined using western blotting (upper). The transcriptional activation activity of HIF-1 was determined by transient transfection of HepG2 cells with HRE-luciferase reporter plasmids for 24 h followed by Celastrol exposure under normoxia for another 12 h. Then, HRE activity was analyzed using the luciferase assay (lower). The values are presented as the means ± SD of three independent experiments. 8d. The effect of Celastrol on LO2 normal liver cells. LO2 cells and HepG2 cells were treated with 4 µM Celastrol for 24--48 h, and the cytotoxicity of Celastrol was observed by microscopy (200×). Cell death and the cell cycle progression of the LO2 cells were measured by flow cytometry.](pone.0112470.g008){#pone-0112470-g008}

Discussion {#s4}
==========

In this study, we found, for the first time, that Celastrol could induce accumulation of the HIF-1α protein in an oxygen-independent manner, and the accumulation of HIF-1α increased the expression of BNIP3, which induced autophagy. A previous study showed that treating HepG2 cells with Celastrol for 16 h decreased the HIF-1α mRNA level under normoxia and hypoxia and inhibited hypoxia-induced accumulation of the HIF-1α protein in the nuclei of HepG2 cells [@pone.0112470-Huang1]; however, in our study, exposure of HepG2 cells for a shorter amount of time yielded the opposite result. In our system, treating cells with Celastrol for 6 h did not influence HIF-1α transcription, as its mRNA level did not change after Celastrol treatment under normoxia or hypoxia. Furthermore, Celastrol induced HIF-1α protein accumulation, which then entered the nucleus and promoted HIF-1 target-gene transcription. The difference in exposure time could explain these discrepant results. The effect of Celastrol in enhancing HIF-1α expression was not specific to HepG2 cells because this effect could be observed in other cell lines, including MCF-7, HeLa, PC-3 and H1299 cells. Secondly, we demonstrated that the mechanism by which Celastrol induces the accumulation of the HIF-1α protein is inducing ROS and activating Akt/p70S6K signaling to promote HIF-1α translation.

Although the protein level of HIF-1α is normally regulated by oxygen-dependent, pVHL-mediated ubiquitination and degradation [@pone.0112470-Wei1], other molecules, such as p53 and Hsp90, have also been identified to regulate the stability of HIF-1α [@pone.0112470-Kaluzova1], [@pone.0112470-Minet1]. Celastrol has been reported to be a potent proteasome [@pone.0112470-Yang1] and Hsp90 inhibitor [@pone.0112470-Zhang2], [@pone.0112470-Chadli1]; however, these two functions should theoretically have opposing effects on the stability of HIF-1α. Therefore, the mechanism by which Celastrol affects HIF-1 signaling is unclear. In this study, we found that Celastrol did not enhance HIF-1α ubiquitination, as did the proteasome inhibitor MG132. Furthermore, as an Hsp90 inhibitor, Celastrol depleted other Hsp90 client proteins, such as Raf-1 and Akt, but it enhanced HIF-1α expression, though HIF-1α is also a client of Hsp90 [@pone.0112470-Liu2]. Moreover, the enhancement of HIF-1α protein levels caused by Celastrol was independent of p53 and pVHL-mediated hydroxylation, but it required new protein synthesis, which indicated that the regulation of HIF-1α by Celastrol did not involve inhibition of HIF-1α degradation.

In addition to oxygen-dependent regulation, it is known that HIF-1 is activated or influenced through oxygen-independent mechanisms via the PI3K/AKT/mTOR pathways [@pone.0112470-Harada1], [@pone.0112470-Xie1]--[@pone.0112470-Agani1]. The activation of Akt was reported to augment HIF-1α expression by increasing its translation under normoxic and hypoxic conditions [@pone.0112470-Pore1], and the Akt/mTOR-dependent translation of HIF-1α was reported to play a critical role in the post-irradiation up-regulation of intratumoral HIF-1 activity [@pone.0112470-Harada1]. Although a previous study showed that mitochondrial ROS produced under hypoxia played an important role in stabilization of the HIF-1α protein by inhibiting prolyl hydroxylase enzymes [@pone.0112470-Chandel1], further studies revealed that mitochondrial ROS-upregulated HIF-1α expression is dependent upon PI3K/AKT activity [@pone.0112470-Gao1]--[@pone.0112470-Guo1]. Previously, we reported that Celastrol targets mitochondrial respiratory chain complex I to induce ROS-dependent cytotoxicity in tumor cells [@pone.0112470-Chen1]. In this study, we showed that the enhancement of HIF-1α expression by Celastrol was ROS- and PI3K/AKT-dependent. This finding supported the hypothesis that the promotion of HIF-1α expression by Celastrol is correlated with ROS-initiated AKT activation, which enhances HIF-1α translation. As an important transcriptional factor, the accumulation of HIF-1α may affect multiple signaling pathways and regulate various biological functions, such as inducing autophagy [@pone.0112470-Mazure1], [@pone.0112470-Bellot1], promoting tumor cell invasion and metastasis [@pone.0112470-Lin1]--[@pone.0112470-Whitney1] and protecting cells of the brain, liver, kidney and heart from cellular oxidative stress and ischemia/reperfusion-induced injury [@pone.0112470-Bernhardt1]--[@pone.0112470-SenBanerjee1]. Although Celastrol induced the transient accumulation of HIF-1α and VEGF, whether it can promote tumor angiogenesis and metastasis is a remaining question. Previous studies have shown that Celastrol could suppress tumor invasion and metastasis [@pone.0112470-Pang1], [@pone.0112470-Zhou1]--[@pone.0112470-Kim1]; however, when considering that radiation-induced HIF-1α activation plays a crucial role in triggering tumor radioresistance [@pone.0112470-Lerman1], [@pone.0112470-Harada2], the effects of Celastrol on tumor angiogenesis and vasculogenesis may warrant further investigation.

BNIP3 is an atypical BH3-only family member that has been implicated in the pathogenesis of cancer and heart disease. Previous studies have reported that mitochondrial autophagy induced by hypoxia requires the HIF-1-dependent expression of BNIP3, which plays a protective role by disrupting the Bcl-2-Beclin1 complex without inducing cell death in tumor cells [@pone.0112470-Mazure1], [@pone.0112470-Bellot1]. Similarly, in heart muscle, the expression of BNIP3 that is regulated by hypoxia is associated with decreased myocardial function via the induction of autophagy [@pone.0112470-HamacherBrady1], [@pone.0112470-HamacherBrady2]. Previous studies have found that Celastrol induces autophagy, but the mechanism is unclear [@pone.0112470-Deng1], [@pone.0112470-Lee1]. Our data showed that the activation of HIF-1/BNIP3 signaling is an important mechanism for Celastrol to induce autophagy. Because the dose required for Celastrol to induce accumulation of the HIF-1α protein and enhance HIF-1α transcriptional activation is below its cytotoxic threshold and because normal cells are very resistant to Celastrol, using a low dose of Celastrol to activate the HIF-1-mediated autophagic pathway could be a good strategy for utilizing the neuroprotective effects of Celastrol while avoiding its cytotoxicity. A recent study has demonstrated that Celastrol protects human neuroblastoma SH-SY5Y cells from rotenone-induced injuries only through the induction of autophagy [@pone.0112470-Deng1].

Previous studies have demonstrated that Celastrol exerts its anticancer effects by suppressing Akt activation in tumor cells [@pone.0112470-Pang1], [@pone.0112470-Kannaiyan1]. In this study, we observed that Celastrol induced Akt activation and enhanced HIF-1α expression, which seems contradictory to the previous conclusion. However, it is worth noting that the effect of Celastrol on Akt activation was transient and occurred early (exposure for 2--6 h) and that Celastrol continually inhibited Hsp90 chaperone function; therefore, the Akt protein was remarkably depleted, and the activity of Akt was finally inhibited ([Fig. 6c](#pone-0112470-g006){ref-type="fig"}), which is consistent with previous studies. Because knockdown of HIF-1α partially relieved Celastrol-induced Akt suppression but failed to reduce cell death, we believe that suppression of Akt activation only partially contributed to Celastrol-induced HepG2 cell death. ROS-mediated JNK activation has been reported to lead to cancer cell apoptosis [@pone.0112470-Kannaiyan1]. In our experiments in both HepG2 and H1299 cells, Celastrol induced remarkable ROS accumulation, and ROS scavenging suppressed ROS-induced JNK activation and prevented cell death, which supported that mitochondrial targeting and ROS induction are the important mechanisms by which Celastrol kills cancer cells, as previously reported [@pone.0112470-Chen1]. Based on these discoveries, we have summarized the main mechanism for the induction of autophagy or apoptosis by Celastrol in a schematic diagram ([Fig. 9](#pone-0112470-g009){ref-type="fig"}).

![The mechanism by which Celastrol induces autophagy and apoptosis.\
In our system, we showed that Celastrol could induce ROS-mediated autophagy and apoptosis. Celastrol-induced autophagy occurred at an early phase and was initiated by ROS to stimulate AKT/p70S6K signal activation, which promotes HIF-1α translation and BNIP3 expression, leading to autophagy. Apoptosis occurred at a late phase, and the main mechanism by which Celastrol killed HepG2 and H1299 cells was through the ROS-mediated activation of JNK and inhibition of Hsp90 chaperone function, which led to Akt protein depletion and a decrease in Akt activity, finally resulting in the induction of apoptosis.](pone.0112470.g009){#pone-0112470-g009}
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